Executive Summary
This quarter's research primarily focused on fabricating LiCoO, electrodes suitable for utilization as the cathode in full cell experimental runs. Appropriate sintering conditions have been established. However, electrode porosity and pore size distribution will need to be improved in order for this material to be successful as the cathode. The primary variables that were studied included: initial concentration of poreformer, initial concentration of binder, initial LiCoO, particle size, dry pressing times, and pressures. SEM, X-ray difiaction, and particle size analysis were three techniques that were employed to help characterize the fabrication process.
Fabricated LiCoO, electrodes were utilized in full cell experiments at 650 "C. The system successhlly transported CO?-, as expected, with clean fuel gas, and also transported H,S from contaminated gas. However, the cathode showed inefficient porosity to tallow mass transfer of the extremely dilute H,S to the electrolyte interface. Thus, H,S removal efficiencies were below theoretical. However, the electrodes did show the expected high electronic conductivity needed after equilibrating with the H,S-containing gas.
Project Objectives
Coal may be used to generate electrical energy by any of several processes, most of which involve combustion or gasification. Combustion in a coal-fired boiler and power generation using a steam-cycle is the conventional conversion method; however total energy conversion efficiencies for this type of process are only slightly over 30%1. Integration of a gascycle in the process (combined cycle) may increase the total conversion efficiency to 40%1.
Conversion processes based on gasification offer efficiencies above 50%1.
H2S is the predominant gaseous contaminant in raw coal gas. Coal depending on the type and area of extraction can contain up to 5 wt% sulfur, which is converted to gaseous H2S during gasification. Problems arise due to the corrosive nature of H2S on metal components contained in these cycles. Because of this, H2S concentrations must be reduced to low levels corresponding to certain power applications. For example, an integrated coal gasificationcombined cycle (IGCC) process producing electricity from coal at nearly 50% overall efficiency1 incorporates gas turbines that cannot tolerate H2S levels above 100 ppm. Coal gasificatiodMolten Carbonate Fuel-Cell(MCFC) systems, achieving conversion efficiencies around 60%2, function properly only if H2S is below 1 ppm.
An advanced process for the separation of hydrogen sulfide (H2S) from coal gasification product streams through an electrochemical membrane is being developed using funds from this grant. H2S is removed from the syn-gas stream, split into hydrogen, which enriches the exiting syn-gas, and sulfur, which is condensed from an inert sweep gas stream, Figure 1 . The process allows removal of H2S without cooling the gas stream and with negligible pressure loss through the separator. The process is made economically attractive by the lack of need for a Claus process for sulfur recovery. To this extent the project presents a novel concept for improving utilization of coal for more efficient power generation.
Past experiments using this concept dealt with identifying removal of 1-2% H2S fiom gases containing only H2S in N23, simulated natural gas495, and simulated coal gas6. Data obtained fiom these experiments resulted in extended studies into electrode kinetics and electrode stability in molten melts7, 8, 9 . The most recent expeGments evaluated the polishing application (removal of H2S below 10 ppm) using the Electrochemical Membrane Separator (EMS). H2S removal efficiencies over 90% were achieved at these stringent conditions of low H2S concentrations proving the technologies polishing capabilities.
Other goals include optimization of cell materials capable of improving cell performance.
Once cell materials are defined, cell experiments determining maximum removal capabilities and current efficiencies will be conducted. Also, a model theoretically describing the preferred reduction of H2S, the transport of S2-, and the competing transport of C02 will be investigated. The model should identify the maximum current efficiency for H2S removal, depending on variables such as flow rate, temperature, current application, and the total cell potential.
Introduction
The Electrochemical Membrane Separator (E.M.S.), the focus of experimental work, purges a fuel gas contaminated with H2S. This is done by reducing the most electro-active species in the gas stream. In this case, H2S is reduced by the following:
H2S + 2e--> H2 + , 532-A membrane which contains sulfide ions in a molten salt electrolyte will act to transport the ions across to the anode. If the membrane is impermeable to H2 difision from the cathode side, an inert sweep gas can be used to cany the vaporous oxidized sulfur downstream to be condensed.
Processes to remove H2S typically rely on low to ambient temperature adsorption, followed by sorbent regeneration and Claus plant treatment for conversion of H2S to a salable by-product, sulfur. Although effective, this type of removal is very process-intensive as well as energy-inefficient due to low temperature operation. Gasification streams generally range from 500OC -lOOOOC, requiring cooling before and reheating after process gas sweetening. Although these technologies have proven capable of meeting H2S levels required by MCFC, there are several disadvantages inherent to these processes1 *,11.
Alternative high temperature methods are presently available, but process drawbacks including morphological changes in catalytic beds12 or inefficient molten salt sorbent processes13 negate savings incurred through energy eficient removal temperatures.
An electrochemical membrane separation system for removing H2S from coal gasification product streams is the subject of this investigation. The high operating temperature, flow-through design, and capability of selective H2S removal and direct production of elemental sulfur offered by this process provide several advantages over existing and developmental H2S removal technologies. 
Results and Discussion
A majority of this quarter was spent fabricating LiCoO, electrodes. One of these electrodes was utilized in a full cell run. Beforehand, one electrode was subjected to sulfurizing conditions in a molten carbonate environment to study the conversion of the LiCoO, electrode to its sulfided state. In addition, one fill cell run was attempted with stainless steel cell housings.
All of these results will be discussed in detail below.
LiCoO, Electrode Fabrication
LiCoO, was produced fiom the calcination reaction of COCO, and Li,CO, at 700 "C. The LiCoO, powder was then properly identified by X-ray diffiaction and was ready for future use.
Dry pressing proved to be the most feasible way to fabricate electrodes, thus this method was chosen. Four electrode batches were attempted; conditions are indicated in Tables 1 -4. For all electrode fabrication attempts, the hydraulic ram pressure and sintering conditions were consistent. Disks were pressed at 11500 psi for approximately 10 minutes. The sintering program is as follows: ramp of 1 "C/min to 500°C for 4 hours, ramp of 1 "C/min to 850°C for five hours, ramp of 2"C/min to room temperature. The diameter of the die was 1.25" in all cases.
The first batch, shown in Table 1 , had three electrodes with moderate (75%) amounts of LiCoO, and three electrodes with extremely high (95%) mounts of LiCoO,. It is obvious fiom the resulting porosities that there must be significant amounts of binder and porefonher to fabricate an adequate electrode. Disks pressed with 95% LiCoO, resulted in less than 35% porosity. Higher porosities (66%) were observed when 25% poreformer was combined with 75% LiCoO,. Upon sintering, however, the resulting disk crumbled to the touch and was 1 = 3" x 3" porous cell housings 2 = 5 cm diameter alumina disk 3 = 2.5" x 2.5" thin alumina plate 4 = 3" diameter ceramic disk cracked in half. Disks pressed with only 25% methyl cellulose and 75% LiCoO, resulted in compact disks after sintering, but porosities were too low (45% and 57%). SEM of Electrode #6, which contained 25% methyl cellulose, revealed pore sizes on the order of 10 microns. A photograph of this electrode is shown in Figure 2 . This photograph shows that adequate porosity was achieved, but increased porosity is desired. Therefore, it was concluded that the next batch should have a significant amount of binder and poreformer.
The second batch, shown in Table 2 , tried to address the problems which were discovered in the first batch. Three different initial concentrations were attempted -15% methyl cellulose, 10% poreformer; 15% binder, 15% poreformer; and 20% binder, 10% poreformer. Upon sintering, all disks failed (powder was spread throughout with no cohesiveness). Before this batch, the particle size of LiCoO, had not been measured. It was determined that the failure of the second batch may have been due to the large particle size of the LiCoO,. Particle size analysis revealed that the 50% median particle size was 22 microns. To achieve proper disk strength, particle size distribution, and porosity, initial LiCoO, particle size needs to be smaller.
Therefore, samples of LiCoO, were ball milled for 24 -36 hours for future sintering experiments.
The third sintering batch ( Table 3 ) had binder and poreformer concentrations similar to the second batch, but the particle size of LiCoO, was reduced. Four disks had 15% methyl cellulose, 5% carbon poreformer, and 80% LiCoO,, with two of these disks having an pScr/. of 14 microns and the other two with ps0% of 2 microns. The resulting sintered disks all appeared solid.
The two disks with the smaller initial particle size (2 microns) had much larger porosities (67% and 49%) compared with the larger initial particle size (14 microns), whose porosities were 41%
and 46%. Two other disks were attempted -with 15% polyvinyl alcohol and 5% poreformer. The resulting sintered disks were cohesive, but not qualitatively as good as the other four. Slight cracks and non-circular shapes plagued the two disks. Resulting porosities were 47% for both disks. This batch led us to conclude that smaller LiCoO, particle size was important in a resulting sintered disk's strength and porosity. The success of methyl cellulose over polyvinyl alcohol dictated that methyl cellulose be the designated binder in future sintering experiments.
The fourth batch of LiCoO, electrodes this quarter (see Table 4 ) consisted of four pressed disks. In order to increase porosity, the poreformer and binder concentrations were increased.
Two electrodes had 20% methyl cellulose, 10% carbon poreformer, and 70% LiCoO, while the other two electrodes consisted of 17% methyl cellulose, 8% carbon poreformer, and 25%
LiCoO,. The resulting electrodes were more porous, with porosities ranging from 55 to 64%.
Progression is being made in LiCoO, electrode fabrication. Further work in this area will attempt to increase electrode porosity even further without sacrificing electrode strength and durability.
LiCoO, electrode test in sulfurizing and molten carbonate conditions A fabricated LiCoO, (from Batch #1, Electrode #4, 35% porosity) disk was subject to a cell run which mimicked the conditions that it would encounter as the cathode in a full cell run.
A MACOR ceramic housing was utilized to hold the disk in place. Gold wires running through alumina tubes connected to the MACOR cell housing terminated at the LiCoO, disk to measure the conductivity of the material. A Zircona membrane which was impregnated with (Li0J?,32)2C03 was placed on top of the LiCo0,-containing MACOR cell housing. A 3"
diameter alumina plate was placed on top of this and a 1.6 kg weight was added to ensure no gas leakage. This apparatus was placed in a furnace and the temperature was gradually increased to 650 "C. Then, process gases were introduced to one of the alumina tubes. The inlet gas concentrations were approximately: 7.7% H,O, 3.6% CO,, 1.1% CO, 5.0 % H,, 3000 ppm H,S, and balance N,. The LiCoO, was subject to these conditions for 50 hours. X-ray difiaction (see Figure 3 ) of the resulting sample revealed peaks for C O~S~, Co4S3, and Co,S,, which are highly conductive compounds. A crude conductivity analysis demonstrated that the conductivity fell fkom over 100 ohms at the beginning of the experiment to less than 2 ohms at the end when the electrode had been totally sulfided. These results lead us to believe that LiCoO, can be utilized as a successful cathode material if the pore size and porosity are manipulated correctly.
Full-Cell Experimental Run with a LiCoO, Cathode
There were two attempts at full cell H,S removal experiments this quarter utilizing LiCoO, as the cathode. Run #45 was plagued by connection problems between the current collector and the cathode. The cathode, which was in the top cell housing, was too thin and did not have proper contact between the membrane and the gold current collector. Therefore, this run was terminated before any data collection. Run #46 attempted to alleviate the contact problem by placing the LiCoO, cathode in the bottom cell housing and the nickel anode in the top cell housing. Initially, however, there were still cathode-current collector-membrane contact problems. Therefore, the cell was cooled to room temperature. Then, additional and thicker gold current collector was added inside the cell housings. Also, the LiCoO, cathode and,Zircar membrane, which cracked upon cooldown, were replaced. This is the first test performed during a full-cell run which displays the EMS cell's performance.
Based on 2 Faraday's of charge transferred per mole of species reduced or oxidized, the'actual carbon dioxide removed/produced can be compared to theoretical amounts. A current step method is utilized to determine the carbon dioxide removal, carbon dioxide production, as well as cell potential at varying applied currents; Due to a faulty IR analyzer, C0:-transport data was not taken at this stage of the experiment. However, the machine was fixed and used to measure anode CO, levels during H,S removal experiments.
Removal of H,S from Sour Coal Gas
Once carbonate transport across the cell was demonstrated, H2S was added to the process syn-gas. The process gas was equilibrated by the following two reactions: Run #46b had an increased cathode flow rate of 297 cc/min with an inlet H2S concentration of 2200 ppm. The cathode inlet gas was estimated as follows: 4.35% CO,, 1.65% CO, 7.34% H,O, 6.20% H,, 2200 ppm H,S, and balance N,. Limiting current densities in the gas phase and membrane were estimated at 26.1 and 166 rnA/cm2, respectively. Molten salt equilibrium was estimated at 84.3% M,CO, and 15.7% M2S.
A current step was applied to determine the H2S outlet levels, %H2S removal, current efficiency, and the electrode overpotentials. Figure 4 demonstrates that H2S outlet levels fall with increasing cell current for the two different flow rates. Figure 5 shows H,S removal as a function of applied current. H,S removal was observed at both flow rates for this run. 
Run46a
Run46b the H,S removal was not stoichiometric. Figure 6 illustrates this by showing the decreasing relationship between H2S current efficiency and applied current. Figure 7 compares cell potentials with applied current. Overpotentials are within reasonable bounds. Ohmic resistance for this entire run was unreasonably high; this was probably due to poor contact between the anode current collector, nickel anode, and electrolyte-filled membrane. The linear relation of the anode-reference potential with applied current implies that there is significant ohmic loss here. Figure 8 shows that CO, is produced at the anode with increasing applied current. This is a certain sign that carbonate transport is occurring rather than desired sulfide transport. The lack of porosity in the cathode limits the amount of surface area available for reduction. Since H,O and CO, are much more abundant than H2S, they will be preferred for reduction when the reaction is mass transfer limited. This results in C0: -formation, which is consequently oxidized at the anode to form CO,. The run was eventually stopped after 11 days due to cathode failure (as observed from cathode-reference potentials and lack of H,S removal). Figure 9 is an SEM photograph of the LiCoO, electrode after the full cell run.
LiCoO, was successful as the cathode at removing 2500 ppm H,S at two different flow rates. While desired removal levels were not achieved, it is presumed that this is purely a lack of electrode optimization. The LiCoO, cathode porosity of 46% needs to be increased. The highly porous (-90%) nickel electrodes from ERC which have been successfully used in the past at 580'C provide ample pores and surface area to allow for H,S diffusion from the bulk phase into the electrode where it is then reduced at the electrode/electrolyte interface. LiCoO, is preferred over nickel since it can operate at a temperature of 650°C, well above the operating range of nickel. However, ultimate success of the LiCoO, electrode can only be achieved with a higher porosity and proper pore size distribution. 
Conclusion
LiCoO, has been proven to be a successful alternative to the nickel cathode. In addition, it can operate at 650 "C, which is favorable because this is the common gasifier temperature.
Moreover, for our flow conditions, higher temperatures result in higher sulfide concentrations in the molten electrolyte. However, full cell runs employing LiCoO, as the cathode have been plagued by low current efficiencies. This is due to low cathode porosities, which will hopefully be increased in the near future.
Full cell H2S removal runs with stainless steel cell housings may be limited by H2S
adsorption onto the cell housings as well as the stainless steel inlet and exit tubes. This has deleterious effects in two ways. First, cathode H,S outlet levels require long periods of time to reach cathode inlet levels. Second, the adsorbed H,S reacts with hydrogen in the presence of lower non-equilibrium H,S levels to reform H,S. Therefore, removal experiments are more difficult to quantify.
Projected Work
This quarter, full cell runs with alumina (A1203) plasma coated stainless steel cell housings will be performed. The alumina is being plasma coated by Plasma Coatings, Inc., the same company who previously plasma coated aluminum onto the cell housings. The alumina should provide a totally nonconductive layer so that no current is lost to undesired side reactions.
The outlet tube from the stainless steel cell housing will be ceramic, which is nonreactive with H2S. Therefore, the detrimental downstream effects of H,S adsorption can be avoided.
LiCoO, porosity will be enhanced by increasing the initial concentration of binder and
poreformer. This will be accomplished without sacrificing the strength of the resulting electrode.
H2S removal full cell removal runs at 650 ' C will be continued with high porosity electrodes.
SEM and X-ray diffraction will be utilized to characterize the LiCoO, electrodes before and after the cell runs.
